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bradycardia and its habituation in humans
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Abstract

The purposes of the present study were to determine the autonomic origins of a bradycardiac response to a moderate
intensity nonsignal auditory stimulus and the changes in autonomic cardiac control of this response as a function of
habituation. Pure tone stimuli were repeatedly presented to participants while phasic changes in heatHPgriod
preejection period PEP, and respiratory sinus arrhythm{&SA) were observed. Tone stimuli initially elicited an

increase in HP, an increase in RSA, and a decrease in PEP, suggesting a coactivation of the parasympathetic and
sympathetic inputs mediating changes in the bradycardiac HP response. As expected, HP responses habituated with
repeated presentations of the tones. PEP and RSA responses, however, demonstrated different habituation rates than HP.
These data demonstrate that cardiodeceleratory responses to nonsignal stimuli can arise from changes in activity of both
autonomic divisions and document the importance of considering the autonomic origins of habituating cardiac responses
in order to fully understand the process of response habituation.

Descriptors: Sympathetic, Parasympathetic, Respiratory sinus arrhythmia, Preejection period, Heart period

Cardiac responses to nonsignal stimuli have received considerabl990. Indeed, the organism’s motivational or affective state, the
attention in the developmental, attention, and emotion literaturebasal state of the autonomic nervous system, ongoing motor activ-
(Campbell, Hayne, & Richardson, 1992; Lang, Simons, & Balabanijty, features of the stimulus, and the context in which the stimulus is
1997; Siddle, 1988 These responses are often used to infer theembedded may alter the patterning of the orienting response. Spe-
occurrence of central nervous system processes such as orientaticific features of the eliciting stimulus such as intensity, rise time,
to a novel stimulus or defense, although consistently differentiatingand the interstimulus interval, as well as the context also influence
among these central states solely on the basis of target organ rthe responsé€Sokolov & Cacioppo, 1997 For example, orienting
sponses such as heart rate or skin conductance has been diffictdt a novel stimulus in a context previously associated with threat
(Turpin, 1986; Turpin, Schaefer, & Boucsein, 1999ne reason for may manifestin a different autonomic response than orienting in an
these difficulties is that the context in which orienting or defensiveinnocuous contextCook & Turpin, 1997.
responses are elicited may alter the pattern of cardiac response New conceptualizations of autonomic control of target organ
(Berntson, Boysen, & Cacioppo, 1992; Cook & Turpin, 199hus,  function provide potential explanatory power for these contextu-
although the prototypic cardiac orienting response is characterizedlly mediated variations in nonsignal stimulus-elicited cardiac re-
by heart rate deceleration and rapid response decrement with rgponses. Advances in our understanding of the functional control
peated elicitatioliGraham, 1979, 1992, 1997; Turpin, 1986; Turpin of target organs by the autonomic nervous system have empha-
& Siddle, 1983, there are exceptions to this general pattern thatsized that a particular cardiac response can arise from different
depend on the contextin which the stimulus is embedégd, Rich-  patterns of underlying autonomic activitiBerntson, Cacioppo &
ardson, Siegel, & Campbell, 1988; Saiers, Richardson, & CampbellQuigley, 1991; 1998 For example, a cardiodeceleratory response

can occur as a result of solely parasympathetic activdtionou-

pled mode of contrg) parasympathetic activation coupled with

This research was partially supported by a Sigma Xi Grant-in-Aid of sympathetic Wlthdra_lwa(_rt_aqlprocal modg or even coa_ctlvat_lon_

Research to Peter J. Gianaros. The authors would like to thank Davi@f the two autonomic divisions where parasympathetic activation
Lozano and Thomas Frank for their technical assistance. We also thankasks the cardiac manifestation of concurrent sympathetic activity
Robert Kelsey and William Guethlein for providing impedance cardiogra- (coactivational mode These considerations require that we move
phy analysis software, Gary Berntson for heart period analysis softwar(jaway from a sole reliance on overall target organ responses, such

and Jaime Marinaccio for assistance in data collection. Finally, we thank h iod. which bi ith d hei d
Toby Mordkoff, Robert Stern, and William Ray for helpful comments on as heart period, which are ambiguous with regard to their under-

study design and analyses, and Robert Stern and Gary Berntson for cofyting autonomic origingBerntson et al., 1991; Berntson, Cacioppo,
ments on an earlier draft. ' & Quigley, 1993. If changes in parasympathetic and sympathetic
Address reprint requests to: Karen S. Quigley, Department of Psycholactivity are preferentially produced by particular demands, then

ogy, The Pennsylvania State University, University Park, PA 16802, USA, . .. . .
or Peter J. Gianaros, E1329 Western Psychiatric Institute and Clinic, 3g1neasures of independent autonomic influences on cardiac function

O'Hara St., University of Pittsburgh, Pittsburgh, PA 15213, USA. E-mail: Will be invaluable for examining the role of context on an organ-
ksql@psu.edu or pjg4@pitt.edu. ism’s responses to nonsignal stimuli.

540



Autonomic origins of bradycardia and its habituation 541

To our knowledge, the autonomic origins of cardiac orienting Berntson(1990 demonstrated that a low intensity5 dB; instan-
responses to date have been assessed only in animals where phtareous rise timenonsignal tone elicited a cardiodeceleratory
macological autonomic blockades and surgical manipulations haveesponse that reverted to cardioacceleration following the admin-
been used to derive estimates of the parasympathetic and sympiatration of a parasympathetic blockade agent. These data sug-
thetic origins of the cardiac response. The earliest of these studiggested that the cardiodeceleration elicited by the stimulus was the
suggested that the cardiac orienting response in preweanling ratesult of concurrent parasympathetic and sympathetic activation.
(ages 16-20 dayswas mediated predominantly by parasympa- Consistent with this interpretation, administration of the sympa-
thetic activationHaroutunian & Campbell, 1982; Saiers, Richard- thetic antagonist atenolol enhanced the cardiodeceleratory re-
son, & Campbell, 1989 However, these studies relied exclusively sponse(see also Figure 4 in Berntson, Cacioppo, Quigley, &
on either vagotomy or parasympathetic autonomic blockade, makFabro, 1994 Based on these initial studies in rats, it has been
ing conclusions about the potential influence of the sympathetisuggested that cardiac deceleration to moderate intensity novel
division difficult. Indeed, in both studies, a small cardiodecelera-stimuli is mediated primarily by increased parasympathetic stim-
tory response remained following vagotomy or vagal blockadeulation of the heart, with the occasional appearance of concurrent
suggesting that the unblocked sympathetic innervation also magympathetic activation(Campbell, Wood, & McBride, 1997
have influenced the overall cardiac response. A more recent studgecause there are relatively few studies examining the autonomic
using pharmacological blockades of both autonomic divisions reorigins of the orienting response and because of developmental
vealed that the cardiac orienting response to an olfactory stimuludifferences across these studies, the potential similarities of the
can be mediated by potent parasympathetic activation accompautonomic mediation of the orienting response across species
nied by a small, short-live4 s) sympathetic withdrawa(Hunt, remains an open question. As has been suggg8ekolov &
Hess, & Campbell, 1994 These findings suggest that heart rate Cacioppo, 199), noninvasive estimates of parasympathetic and
deceleration in response to novel stimuli in the preweanling rasympathetic control of the heart may provide the necessary tools
arises primarily from an increase in parasympathetic input to thdor examining the autonomic origins of orienting responses in
heart in combination with modest sympathetic withdrawal. Thehumans. Indeed, the potential problems associated with pharmaco-
prominent parasympathetic activation elicited by an orienting stimdogical blockades(e.g., possible reflexive adjustments in the
ulus in the preweanling rat appears to be a function of the animal'sinblocked autonomic divisigrhighlight the importance of docu-
ability to phasically activate the parasympathetic branch to changenenting the autonomic origins of the responses to nonsignal stim-
cardiac rate(Hofer & Reiser, 1969; Hunt et al., 1994; Quigley, uli using noninvasive methods.

Shair, & Myers, 1996 before it can phasically activate the sym- The availability of multiple modes of autonomic control also
pathetic branchalthough circulating catecholamines are presenthas important implications for the process of habituation of phasic
and provide adrenergic tone on the heart; Tucker, 1985 cardiac responses. Because each autonomic division may indepen-

Although absolute heart period is considerably shorter in ratslently alter heart period, the habituation function of heart period
than humans, in many ways, autonomic control of cardiac rate isesponses alone will reveal little about potential habituation or
similar in the two species. For example, fetal humans and earlgensitization in each autonomic division. If sensitization and habit-
postnatal rats both show large bradycardias to environmentallypation processes act at the level of the autonomic inputs to the
significant events that appear to be mediated mostly by parasynfieart, rather than at the level of heart period per se, then responses
pathetic influencesalthough the evidence concerning autonomic on later trials could arise from a different mode of autonomic
mediation in humans is scarce; Hon, Bradfield, & Hess, 1961;control than those elicited on the initial trial. In one of the few
Renou, Newman, & Wood, 1969n addition, in adult humans and studies to assess changes in autonomic activity as a function of
rats, we see the same relatively broad range of control over heahabituation, Richardson, Wang, and Camphé®96, demon-
period by the parasympathetic branch compared to a much nastrated that the initial bradycardiac startle response in adult rats
rower range of sympathetic control over heart periagproxi-  was primarily mediated by parasympathetic activation, and some
mately 6:1 in rats and 7:1 in humans; Berntson et al., 19&3d modest amount of sympathetic activation. However, in later trials
the same relatively linear relationship between autonomic inputs tevhere the startle stimulus elicited tachycardia, the mode of control
the heart and heart perig8erntson, Cacioppo, & Quigley, 1995 shifted to uncoupled sympathetic activation. Although in this case,
Thus, the similarities in autonomic control of heart period betweerthe directionality of the cardiac response changed over trials, the
rats and humans appear to be sufficient to permit some comparisdasson of the multiple modes of autonomic control is that even
of autonomic control of the cardiac orienting response across thesghen response direction does not change with stimulus repetition,
species. the autonomic mode underlying a response can still be changing.

In the only study we know of that assessed the autonomicThus, measuring sympathetic and parasympathetic origins of the
origins of the orienting response in adult animals, Quigley & cardiac response over time could reveal important features of
habituation that are not apparent from the cardiac response alone.

The primary objectives of the present study w@eo examine

1Comparisons of the autonomic cardiac responses to environmentallthe contributions of the sympathetic and parasympathetic nervous
relevant stimuli between rats and humans are best made from studies wheggstems to the initial cardiac response to a moderate intensity
the state of the organism is not gltered by anes_the5|a,_ restraint, or d'StreSﬁonsignal stimulus anfb) to examine the subsequent changes in
Unfortunately, many earlier studies of autonomic function in animals were . . . . . .
conducted under such nonoptimal conditions, which limits the number 01the autonomic origins of this cardiac response with repeated stim-

studies from which appropriate comparisons with human results can ba&llus presentations. Auditory stimuli known to elicit relatively long-
made. In addition to state factors, stimulus parameters such as intensity,

duration, rise time and compositide.g., single frequency versus mixed
frequenciep differ across studies and species. Unfortunately, there has 2Campbell et al. suggest that although cardiac orienting appears across
been little explicitly comparative work in this area, so we can only rec- many mammalian specigsee also Berntson, Boysen, & Cacioppo, 1992
ommend that comparisons across species be made cautiously and witiardiac orienting responses were not observed in the few studies using
careful attention to state and stimulus variables. amphibians, reptiles, or birds.
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lasting (i.e., 30 s or more phasic cardiac decelerations were monaurally over a set of Telephonics headphones and controlled
presented repeatedly to human participants while heart period angy an IBM-compatible computer.
noninvasive estimates of sympathetic cardiac actigitgejection
period; PEPand parasympathetic cardiac confir@spiratory sinus  Physiological Recording
arrhythmia: RSA were obtained. The stimulus used in the currentElectrocardiograndECG) and impedance cardiogram signals were
study is slightly more intense than the typical orienting stimulus,obtained using a Minnesota Impedance Cardiogrdgbdel 304
but was chosen because it produced a longer response and, theB3- Aluminum-coated Mylar band electrodes were used to record
fore, enhanced our ability to detect autonomic changes usin@pasal thoracic impedand@,), the first derivative of the pulsatile
noninvasive methods. If a cardiac orienting response is associatathange in thoracic impedandeZ/dt), and the ECG. \oltage
with an uncoupled increase in parasympathetic activation as hasecording electrodes were placed circumferentially around the
been demonstrated in young ratdunt et al., 1994 then cardio- base of the neck and around the thorax over the xiphisternal
deceleration to a low-intensity stimulus should be accompanied byunction. Current electrodes, which passed a 100 kHz AC current
increased RSA and no change in PEP. Conversely, if the cardia@ mA), were attached at least 3 cm ab@meck and below(ches}
orienting response is mediated by autonomic coactivation as hake voltage electrodes. A respiration transducer was placed around
been demonstrated in the adult rat, then we would expect simulthe participant’s torso to measure respiration frequency and am-
taneous increases in RSA and decreases in(P&EPcorresponding  plitude. Physiological signals were acquired using atibAoard
to an increase in sympathetic activityrurther, the sympathetic (12 bit) and saved for off-line processing. The ECG and/diZ
and parasympathetic branches may contribute differentially to thevere sampled at 500 Hz, ai§ and respiration were sampled at
overall rate of cardiac orienting response habituation. Thus, we&50 Hz.
assessed whether each of the two divisions have their own, inde-
pendent habituation functions. Procedure
Each participant was given a verbal description of the study, then
gave informed consent and completed a health questionnaire. Next,
a female experimenter attached all electrodes and the respiration
Participants transducer and seated the participant in a comfortable arm chair
Participants were 20 undergraduate studéhsfemale recruited  inside a sound attenuated roo@s dB ambient; approximately
from an introductory psychology course and given course credit fod75 lux). Participants were instructed to remain as still as possible
their participation. Participants were screened to exclafthose  throughout the session and told that they would hear a series of
with acute or chronic cardiovascular or respiratory illn¢ssthose  sounds through headphones. Headphones were then placed on the
with a body mass above or below 35% of normal body wei@ht, participant and physiological recordings began.
individuals engaged in more than 20 hr per week of exer¢ihe, A 10-min electrode stabilization period was followed by a
those who used illicit drugs, ard) those with high blood pressure 4-min baseline period during which baseline ECG, ZCG, and
(exceeding 140 mmHg systolic or 90 mmHg diastplierom the  respiration were recorded. Participants wore headphones during
original sample of 20 participants, 3 subjects were excluded fronthese epochs, but no stimuli were presented. Following the 4-min
analyses because) data from more than three trials were unavail- baseline period, stimulus presentation commenced. After the
able due to equipment problems during signal acquisition 1), session finishedapproximately 1 hr, 15 min electrodes were
(b) an arrhythmia detected during scoriimg= 1), and(c) the B-point ~ removed, the participant was given a brief postexperimental ques-
in the impedance cardiographic signal could not be detected  tionnaire, and she or he was debriefed.
1). Analyses were conducted on the data from the remaining 17
participantg(14 females Signal Reduction

A Beltone audiometer was used to test participants’ hearinglmpedance- and electrocardiogram-derived waveforms were pro-
During testing, each individual was fitted with earphones and wasessed off-line using a program for visualizing, editing, and en-
presented with 20 dB pure tones in each ear. The individual wasemble averaging wavefornigelsey & Guethlein, 1990 Heart
asked to raise his or her hand when a tone was heard. Tones ranggeriod (HP) was derived from the ECG as the interval in milli-
from 250-6000 Hz in octave and one-half octave intervals withseconds between successive R spikes. PEP was calculated as the
every tone presented in each ear. Hearing tests were completéaterval between the Q wave of the electrocardiogram and the
45—-60 min prior to testing. Although we felt it important to test B-point of the dZ/dt waveform. After editing the data for artifacts
auditory acuity in our college-aged sample, no potential partici-(<1% of the daty the program was used to calculate 5-s ensemble

Method

pants were excluded based on the acuity criterion. averages for the 10 s preceding and 30 s following stimulus onset.
The resulting ensemble averages were visually inspected and event
Auditory Stimuli markers(e.g., the B-point were moved manually if identified

Each pure ton€1000 H2 stimulus was presented at 75 dB SPL incorrectly by the program. Ensemble averages over five consec-
(Quest Technologies sound meter, Model 18fa0 1.5 s(24-ms utive heart beats have been shown to provide reliable estimates of
rise and fall timeps and was repeated 12 times using a randombeat-to-beat impedance cardiograph-derived mea¢htez et al.,
90-120-s intertrial intervallTl).2 All stimuli were presented 1985. Here, ensemble-average-based estimates of baseline PEP

3Prior research on the cardiac orienting response has typically used @esponses, which can occur with fixed ITls, and to ensure that there was
fixed or variable ITI that ranges from approximately 10 to 5%esg., sufficient time after the stimulus to observe the full autonomic response. In
Turpin, 1986; Turpin & Siddle, 1983 Fixed and short ITls have been addition, this stimulus is similar enough to that used by Quigley and
shown to promote more rapid habituation in a variety of response systemBerntson (1990 in rats that some comparisons are possible with data
(Graham, 1973; Groves & Thompson, 1970n the present study, a obtained under conditions of autonomic blockade.
variable and relatively long ITI was chosen to prevent anticipatory cardiac



Autonomic origins of bradycardia and its habituation 543

from 5 s and successively longer epodti®—60 s in 5-s incre-
mentg correlated highlyrangers=.97-.99. Likewise, ensemble-
average-based estimates of baseline HP5fe and consecutively
longer time period(10-60 s in 5-s incrementganged from

.89-.97. Moreover, although 5-s ensemble averages smooth out 25
short-term changes in HP, the 5-s ensemble-based mean reflects -50
the underlying second-by-second HP chan@ee Figure 2 The 75

cardiac responses in the current study were modest and there were

no shifts in posture such that changes in preload and afterload are

most likely minimal and thus not problematic for our interpretation

of PEP as reflecting sympathetic changewis, Leighton, For-

ester, & Weissler, 19734

The peak-valley metho@Grossman, van Beek, & Wientjes,

1990; Katona & Jih, 1975wvas used to derive RSA estimates from

three consecutive 10-s poststimulus epochs and one 10-s prestim-

ulus epoch. This method was chosen because it provides the best

temporal resolution of the methods used to estimate RSA. A

customized software packadg®lijtdehaage, 1994was used to

determine the difference in milliseconds between the minimum

heart period value during inspiration and the maximum heart

period value during the subsequent expiration for each respiratory

cycle. Phase differences between respiration and interbeat intervals

were accommodated by extending inspiratory and expiratory win-

dows by either 1,000 ms or by the average interbeat interval for the

trial, whichever was longgiUijtdehaage, 1994An RSA estimate 0 5 10 15 20 25 30

for each 10-s epoch was calculated from the average of peak— Time (sec)

valley differences observed during that time period. This method is ) o ) )

similar to the approach used by Reyes del Paso, Godoy, and vilgigure 1'. Heart penod(upper p_anel preejection periodmiddie pane,

(1993, however, we used mean RSA values for fixed 10-s epochsand respiratory sinus arrhythmia responéesttom panel to 75-dB pure
. . “fone stimuli in Trial 1 presented as average chafsgendard error of the

whereas Reyes del Paso_et al. used median RSAvalues forvarlabl[%an from a 10-s prestimulus baseline.

length epochs. Although it has been suggested that the peak—valley

estimation of RSA may be altered by slow periodicities in the heart

period data, the measurement conditions here would be expected to .
result in minimal nonstationarities. In particular, the data epochd\NOVAS and trend tests were performed to determine the re-

igponse profile of stimulus-elicited changes in HP, PEP, and RSA

50
PEP

Change from Baseline (msec)

are brief, the subjects are resting and do not perform tasks or ma ! )
overt movements, and the stimuli do not result in large changes i@" the first trial. , )
cardiac statéBerntson et al., 1997: Task Force of the European Integral areas under the decelerato_ry portion of_the poststimu-
Society of Cardiology and the North American Society of Pacing'“s response curves were used to estimate post.stlmulus response
and Electrophysiology, 1998ndeed, even using a more evocative amplitude fqr all trialg! Squ_are root tr_ar?sformatlons were per-
and motorically demanding reaction time task, the peak-valleyformed on integral data prior to statistical analyses to correct
method correlated highly with the Porges-Bohrer method thaplstrlbut_lonal violations. Th(_e transformed |nt§grals were then (_:ol-
removes slow periodic trends from the heart period d&ss- lapsed into bl(_)c_k_s of twq trials except for Trl_als .1 and 12,_ whl_ch
man et al., 1990; Porges & Bohrer, 199 addition, in adherence rep_resent the initial and final level of re_spondlng in the habituation
with suggestions from a recent Committee Report for the analysiS€Ties: These data were analyzed using repeated measures ANO-
of heart period variability(Berntson et al., 1997 we spaced VAs with Blocks as the.repeate.d measure. The Huynh-FeIdt. epsi-
stimulus presentations irregularly and outside of the frequencyon (€) was used to adjust for inflated degrees of freedom in all
range of the heart period variation of interest. In addition, they notd€Peated measures analyses and a significance level of .05 was
that stimulus-evoked changes in heart period variability are mosfdopted. As subsidiary analyses, we also examined habituation

valid when the cardiac response to the stimuli is small to moderatd!Sing @ more traditional approach in which we examined the
as was true here. Trials X Poststimulus Epoch interaction for each dependent vari-

able. Such an interaction indicates significant change in poststim-

Data Quantification ulus response across trials.

Average prestimulus HP and PEP estimates were derived by av-

eraging the two 5-s ensemble averages from the 10-s period ingegyits

mediately preceding stimulus onset. When data from one or two

trials were missing for a participant due to equipment problems,tial 1 Responses

the group means were assigned to the missing triakE 1); The upper panel of Figure 1 shows the average change in heart
otherwise, the data were not analyZsde Participants section for Period in response to the tone stimulus on Trial 1. Pronounced
detailg. Trial 1 HP, PEP, and RSA responses were analyzed using

three repeated measures analyses of varighi¥©VAs) with 5-s 4Acceleratory response integrals under the HP response curves were

ensemble averages for HP ar?d PEP and 10-s averages for RSAéﬁ§o examined. However, there was little cardiac acceleration apparent, and
factors. Both pre- and poststimulus epochs were included in th@o analyses of the acceleratory integrals were significahips > .1).
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cardiac deceleration occurred immediately following stimulus on-
set and was relatively sustained. These results were revealed by a
main effect for EpochF (6,96 = 2.54,¢ = .89,p = .03, and a
significant linear trend in the HP respon$g,1,16 = 7.96,p =
.01. As shown in the middle panel of Figure 1, PEP decrease
significantly in response to the pure tone stimulus on Trial 1,
F(6,96 = 5.96,¢ = .78, p = .001. Significant linearF (1,16 =
4.34,p = .05, quadraticF (1,16 = 6.64,p = .02, and cubic,
F(1,16 = 7.78,p = .01, trends were found in the Trial 1 PEP
response. The peak decrease in PEP occurred 15-20 s poststimulis
and neared the prestimulus level by 30 s poststimulus. In addition
to the HP lengthening and PEP shorteniupper and middle
panels of Figure }1 a statistically significant increase in RSA was
observed following stimulus onset on TrialB(3,48 = 3.85,¢ = 0 5 10 15 20 25 30

.84, p = .02 (bottom panel of Figure)1 Further, a cubic trend in Time (sec)

the RSA response was observed on TriaF (1,16 = 11.33,p = ) ) ]

004. Figure 2. Second-by-second weighted heart period response to the tone

To assess whether respiration chanaes might account for th timulus in Trial 1 is shown overlaying the 5-s ensemble-averaged response
s . L P . 9 . g shown in the upper panel of Figure 1.

initial stimulus-elicited changes in RSA, respiration rate and depth
were assessed for the 10-s epochs immediately preceding and

following stimulus onset for Trial 1 where respiratory changes

would be expected to be maximal. These data demonstrate that | . ity af he sti d. th )
respiratory rate and depth in the first 10 s following the stimulusUnusu@! respiratory activity after the stimulusnstead, there is
were not significantly altered by the stimul(8ee Table 1; period simply quite large variation around the mean response and too few

and depthts < 1; ps > .3). These data suggest that the changesSUbjeCts for the variability to be smoothed in a second-by-second
in RSA occurring as a function of the stimulus were not a result oneplptlon._We do not know whether this second-b_y-second varia-
significant alterations in respiratory period or deg@rossman, !‘.IOH is typical of other studies, because most studies of the orlent-
Karemaker, & Wieling, 1991 Indeed, Reyes del Paso and Vila ing response only report second-by-second responses for the first

(1993, using an intense stimulud00 dB, nearly instantaneous 10 S Poststimulus.
rise timg, demonstrated an approximately 50% average increasein
respiratory amplitudéand no change in respiratory peridd the ~ Habituation
first 10 s following the stimulus. By comparison, we observed aNo significant effect for Block was found for the HP integrals,
3% increase in respiratory amplitude and a 6% decrease in respi-(6:96 = 1.61,e = .68,p = .18. This finding is consistent with
ratory period. the absence of a Trialg Poststimulus Epoch interaction on the
To aid comparison of these data with previous investigations ofaw HP data,F(66,1056 = 1.059, e = .33, n.s). However, a
cardiac responses to nonsignal stimuli, we also show the weightedfarginal linear trend was observed in the HP integrals across
second-by-second HP response overlaying the 5-s ensembl&timulus repetitions, suggesting an overall decline in response
averaged response from Figure(see Figure 2; Berntson et al., Strength over trialsF(1,16 = 3.66,p = .07 (upper panel, Fig-
1995. The second-by-second depiction shows an edirigt two ure 3. No main effect for Block was found for the PEP integrals
poststimulus seconiisardiac deceleration of about 25 taout—2 and there were no significant trends with stimulus repetitions.
bpm at this basal heart peripthat is reminiscent of the initial However, a Trialsx Poststimulus Epoch interaction on the raw
component of the orienting response described by GrahaFs), PEP data suggested that the PEP responses changed over stimulus
and Turpin and colleaguéurpin et al., 1999; Turpin & Siddle, repetitionsf (66,1056 = 1.92,e = .59,p < .05. Visual inspection
1983. In addition, a secondary deceleratory component occurringudgested that this interaction is due to an initial decline and then
after aboti5 s poststimulus has also been observed in response Jight recovery in response strength, particularly on Blocks 4 and
moderate intensity nonsignal stimuli across spe@sham, 1979; 5 (middle panel of Figure 3A main effect for Block was found in
Quigley & Berntson, 1990; Turpin, 1986The considerable vari- the RSA integral datef (6,96 = 4.77,¢ = .85,p < .01, which
ability in the poststimulus response is not due to a respiratorfuggested an overall decline in RSA response strength over trials
artifact initiated by the stimuluxamination of individual respi- ~ (lower panel, Figure 3 Further, both linear and cubic trends were

ratory traces shows no evidence of a inspiratory gasp or othepbserved in the RSAintegral data over tridi$], 16 = 14.35,p =
.002 andF(1,16) = 8.88,p = .009, respectively. Finally, a mar-

ginal TrialsX Poststimulus Epoch interaction on the raw RSA data
corroborated the findings with the integrals in suggesting a change
Table 1. Means and Standard Errors of Respiratory Period and in the RSA response across trigig44,748 = 1.60,e = .37,p =

ange from Basefthe (msec;

[+
o
T

Amplitude for 10-s Epochs Pre- and Poststimulus Onset .06.
Epoch ) )
Discussion
Respiratory Variable Pre-stimulus Post-stimulus o ) . )
In the present study, the initial presentation of a moderate intensity
Period(ms) . 3274.51(89.18 3073.53(212.45 tone stimulus elicited a cardiodeceleratory response that was ac-
Amplitude (arb. units 122.1412.78 125.27(12.48 companied by an increase in RSA and a decrease in PEP. Cardio-

deceleration is a typical response to low to moderate intensity
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100 HP that differences in stimulus parameters would influence the exact
80t pattern of autonomic contributions to such cardiodeceleratory re-
ot sponses with most low-to-moderate-intensity orienting-like stimuli
° producing parasympathetic activation that is sometimes accompa-
§ 40 nied by sympathetic activatidiparticularly with faster rise times
g 20 To assess the influence of parametric variations of stimulus vari-
s o ables such as intensity or rise time, we will need to further refine
§ noninvasive estimates that can be used over shorter temporal
8 100 PEP intervals. These refinements will be crucial for understanding the
5 80 autonomic origins of the relatively brief orienting response seen
8 e with low-intensity stimuli.
% 20l Several features of the autonomic origins of the Trial 1 cardiac
2 response warrant further highlight. First, to our knowledge this is
£ 20 the first study to document a coactivational mode of autonomic
s 0" control in humans in response to a nonsignal stimulus using non-
g 100 invasive measures. The demonstration of coactivation in humans
= whose physiology is unaltered by autonomic blockades provides
g 80 RSA important additional documentation of the doctrine of multiple
60 modes of autonomic contréBerntson et al., 1991Thus, it is now
40 clear that a coactivational mode of control is observable under
20 normal, resting physiological conditions in humans in a benign
behavioral context. Second, we will need parametric studies to test
0 several predictions that arise from Grahai'997) theorizing and
: the current findings. Two obvious predictions are that faster rise
Tt BLK2 BLK3 BLK4 BLKS BLK6 Ti2 times and moderate-intensity nonsignal stinfeli., 75 dB rather

Trials/Blocks than 55 dB will be expected to produce some sympathetic acti-

Figure 3. Change in the amplitude of heart periagper pane| preejec-  vation to accompany the parasympathetic activation elicited by
tion period(middle pane), and respiratory sinus arrhythmiiaottom panel  attention-capturing stimuli. In addition, as the stimulus intensity
responses to pure tone stimuli. Response amplitude represents the percerfes beyond the moderate range, we predict that sympathetic
of Trial 1 integral area under the poststimulus response curve for eachctivation will continue to rise, whereas eventually parasympa-
measure. thetic activation will cease.
These data demonstrate not only a coactivational mode of

cardiac control on Trial 1, but also that the mode of autonomic
stimuli with noninstantaneous rise times that are usually consideontrol can change as a function of repeated stimulus presenta-
ered to reflect orientingGraham, 1973, 1997; Turpin, 1986 tions. As shown in Figure 2, HP, RSA, and, to some extent, even
Recall that the stimulus characteristics used in the current studPEP response amplitudes declined after Trialsée Figure 2
were chosen to provide a somewhat more prolonged resgoase However, RSA declined most markedly with the mean response
typically the HP returned to baseline in about 40 s in Triglhen ~ amplitude after Trial 1 at 69.1% of the initial response. HP declined
is observed for a prototypical orienting stimulus to enhance thdess notably with the mean response amplitude after Trial 1 at
ability to detect autonomic changes using noninvasive estimates4.1% of initial responding. PEP declined least and nonsignifi-
Thus, the stimulus characteristics in the current study likely fell oncantly so with average response amplitude after Trial 1 at 94.2% of
the border between a typical orienting response and a typicahitial responding. These data suggest that the autonomic responses
defense respong&raham, 199¥. Graham proposed that a 75-dB that underlie a habituating heart period response do not necessarily
tone may be more likely to produce coactivational autonomichabituate at the same rate as the overall or composite cardiac
effects in humans than a tone of lesser intensity, which is in accordesponse. Grahar(l973 referred to this distinction as central
with the current findings. A look at the initial bradycardiac re- versus response habituation where central habituation indicates
sponse in this study suggests that the initial heart period respond®bituation of the central nervous system substrates and response
is mediated by parasympathetic activation followed by concurrenhabituation referred to the habituation of different autonomically
activation of the sympathetic input to the hegste Figure 1, mediated responses. In Graham'’s review, she discusses the differ-
middle and lower panelsThe finding of an initial parasympathet- ential habituation of responses derived mostly from different organ
ically mediated cardiodeceleratory response is consistent witlsystems such as heart rate and skin conductance. Here however,
Graham and Clifton'§1966 speculation that short latency cardio- we demonstrate that the HP response habituates at a rate inter-
deceleratory responses to orienting stimuli are mediated primarilynediate to that of the two contributing autonomic branches. Thus,
by increased parasympathetic input to the heart. Indeed, in theven cardiac habituation does not appear to be a unitary phenom-
current study there were no reliable stimulus-related changes irnon, but rather is the result of multiple inputs each with its own
respiration suggesting that the changes in RSA were predomindependent habituation functiSnThese results illustrate that the
nantly a function of centrally generated changes in vagal outflow
rather than a function of lung stretch receptor-mediated changes.

Importantly, this finding of coactivation of autonomic outflows to 5Although RSA and PEP both ind . ic input o the heart. th

- F . - -~ oth index autonomic input to the heart, they
the heart in reSponS_e toa nove!, moder.ate IntenSIty auditory s‘t”’nreﬂect different aspects of cardiac control. RSA reflects chronotropic or
ulus parallels data in adult inmaﬂﬁitS, Quigley & Berntson,  rate influences on the heart, whereas PEP reflects inotropic or contractility
1990. We further speculate, in line with Graham’s conjectures,influences on the heart.
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measure used to represent the state of a habituating system mustdeceleratory and relatively long-lastifice., at least 30 s on initial
chosen with care. presentatiof) (b) values of RSA for the 30-s poststimulus epoch
Several limitations to the current study should be noted. Firstcorroborate the findings for 10-s epochs, dngthe presence of
unlike much previous literature on habituation, we did not presentncreased sympathetic activity concurrent with a cardiac deceler-
a dishabituation stimulus at the conclusion of the habituation serieation suggests that parasympathetic activity must be increased.
to assess effector fatigue. Given that numerous studies have shown Within the context of the current study, it appears that the
that such cardiac responses recover with a dishabituation stimulubradycardia elicited on Trial 1 to a moderate intensity nonsignal
it seems unlikely that effector fatigue can explain the currentstimulus is a joint result of parasympathetic and sympathetic ac-
findings. Moreover, even if fatigue were to play a role, we would tivation. Moreover, the autonomic contributions to that response
still be left with the intriguing finding that PEP responses to this change differentially as a function of repeated stimulus presenta-
stimulus habituate to a minimal extetdt least with long ITI§, tions. These data have important implications for the ongoing
whereas RSA habituated to a significant extent. However, welebate about the functional relevance of cardiac deceleration in
cannot rule out the possibility that effector fatigue could haveorienting contexts. Namely, these data are consistent with Gra-
contributed to our findings. Another issue deserving attention inham’s(1997) suggestion that less intense stimuli will preferentially
future studies is the autonomic contributions to the more fine-result in uncoupled parasympathetic activation, whereas more in-
grained temporal featurés.g., deceleratory and acceleratory por- tense stimuli may evoke concurrent sympathetic activation. Thus,
tions) of the cardiac response to nonsignal stimuli. As noted abovewe may need to shift the focus of the debate on the functional
this will require the development of techniques that permit assesssignificance of cardiac deceleration to the significance of the
ment of shorter intervalee.g., 1 $. In the current study, we justify underlying autonomic modes of control of cardiac responses. Such
the use of short-term measures of RGA., 10-s epochson the  a focus will likely provide a more complete theoretical framework
grounds that(a) the response to the stimulus is predominantly for the assessment of cardiac responses to nonsignal stimuli.
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